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S

mall RNAs, including microRNAs (miRNAs) and siRNAs,
are sequence-speciﬁc regulators of gene expression in plants
and animals (1). miRNAs are derived from imperfect stem-loop
transcripts, called primary miRNAs (pri-miRNAs), which are
predominately produced by DNA-dependent RNA polymerase
II, whereas siRNAs are processed from perfect or near-perfect
long dsRNAs (2). After generation, miRNA and siRNA are
loaded into an RNA-induced silencing complex containing the
Argonaute protein to guide posttranscriptional or transcriptional
gene silencing (1).
In animals, pri-miRNAs are ﬁrst processed to precursor
miRNAs (pre-miRNAs) in the nucleus by the microprocessor
containing Drosha and a dsRNA-binding protein DGCR8 (1).
The resulting pre-miRNAs are then processed by Dicer in the
cytoplasm to produce mature miRNAs (1). It has emerged that
the activities of Drosha and Dicer are controlled to regulate
miRNA expression in response to developmental and environmental signals (3). In Arabidopsis, DCL1, a dsRNA-binding
protein, HYL1, and a zinc ﬁnger protein, SERRATE (SE), form
a complex to process pri-miRNAs in the nucleus to pre-miRNAs
and then to mature miRNAs (4–6). The accumulation of
miRNAs in Arabidopsis also requires DDL, which was proposed to stabilize pri-miRNAs and to facilitate their processing
(7). Recently, two cap-binding proteins, CBP80/ABH1 and
CBP20, were found to be required for pre-mRNA splicing and primiRNA processing (8, 9). Plants also encode several classes of
endogenous siRNAs, including the natural antisense transcriptderived siRNA, siRNA derived from repetitive DNA sequences
(rasiRNA), and transacting siRNA (ta-siRNA) (10). In Arabidopsis, the generation of these siRNAs from long dsRNAs
involves DCL1 homologues DCL2, DCL3, and DCL4, which
produce 22-nt, 24-nt, and 21-nt siRNAs, respectively (11–13).
In this report, we show that TOUGH (TGH) is an important
factor for miRNA and siRNA biogenesis. Loss-of-function TGH
in tgh-1 reduces the activity of multiple DCLs in vitro and the
accumulation of miRNA and siRNAs in vivo. In the miRNA
pathway, TGH associates with the DCL1 complex and binds primiRNAs and pre-miRNAs. TGH is required for the efﬁcient
in vivo interaction between pri-miRNA and HYL1. These data
suggest that TGH assists DCLs to efﬁciently process and/or recruit the precursors of miRNAs and siRNAs.

www.pnas.org/cgi/doi/10.1073/pnas.1204915109

Results
TGH Is Required for Accumulation of miRNAs and siRNAs in
Arabidopsis. Three facts prompted us to test whether TGH acts

in the miRNA pathway. First, TGH is an evolutionarily conserved protein across plant and animal kingdoms (14), agreeing
with the fact that many components involved in miRNA biogenesis are conserved in eukaryotes (1). Second, TGH contains
a G-patch and a SWAP domain (Suppressor-of-White-APricot)
that often exist within RNA metabolism-related proteins (14)
(Fig. S1A). Finally, like dcl1, ddl, hyl1, and abh1, which are deﬁcient in the miRNA pathway, the tgh mutants exhibit pleiotropic developmental defects such as smaller plant size, altered
leaf shape, short stature, increased branches, disordered node
distribution, and reduced fertility (14–20) (Fig. S1B).
To determine whether TGH functions in miRNA biogenesis,
we examined the accumulation of various DCL1-dependent
miRNAs in inﬂorescences of tgh-1 (SALK_053445), which contains a T-DNA insertion in the 11th intron and is a potential null
allele (14) (Fig. S1A). The levels of all tested miRNAs (miR158,
miR159, miR166/165, miR167, miR171/170, miR172, miR173,
miR319, and miR390) were reduced in tgh-1 by 50% to 70%
relative to WT control [Columbia-0 (Col-0); Fig. 1A]. The expression of miR172*, the passenger strand of miR172, was also
reduced in tgh-1 (Fig. 1A). Expressing a genomic copy of TGH
driven by its native promoter fused with an HA tag at its C-terminal (TGH::TGH-HA) fully restored the levels of these miRNAs and miRNA172* (Fig. 1A), demonstrating that lack of TGH
in tgh-1 was responsible for the defects in miRNA accumulation.
We also checked the levels of miR161, miR163, miR166/165,
miR167, miR172, and miR173 in mature leaves. All of them
were less accumulated in tgh-1 than in WT (Fig. S1C).
Next, we asked whether TGH plays a role in the accumulation
of rasiRNAs and ta-siRNAs. We found that DCL4-dependent
ta-siRNAs, TAS1-siR255 and TAS3-5′D8(+), DCL2-dependent
IR71 and DCL3-dependent rasiRNAs, siR02, siR1003, simplehat2, AtSN1, TR2588, and FWA were reduced in abundance in
tgh-1 compared with WT, and the reduction was rescued by the
TGH transgene (Fig. 1B). To test the involvement of TGH in
DCL4 related processing, we monitored the accumulation of
DCL4-dependent miR822 (21). The levels of miR822 were lower
in tgh-1 than in WT, and the defect was restored by the TGH
transgene (Fig. 1A).
We further compared the transcript levels of several miRNA
targets, CUC1, PHV, SAMT, PPR, and a ta-siRNA target ARF3
between WT and tgh-1, which should inform whether tgh-1
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MicroRNAs (miRNAs) are regulators of gene expression in plants
and animals. The biogenesis of miRNAs is precisely controlled to
secure normal development of organisms. Here we report that
TOUGH (TGH) is a component of the DCL1–HYL1–SERRATE complex that processes primary transcripts of miRNAs [i.e., primary
miRNAs (pri-miRNAs)] into miRNAs in Arabidopsis. Lack of TGH
impairs multiple DCL activities in vitro and reduces the accumulation of miRNAs and siRNAs in vivo. TGH is an RNA-binding protein,
binds pri-miRNAs and precursor miRNAs in vivo, and contributes to
pri-miRNA–HYL1 interaction. These results indicate that TGH might
regulate abundance of miRNAs through promoting DCL1 cleavage
efﬁciency and/or recruitment of pri-miRNAs.

Fig. 1. tgh-1 reduces the accumulation of miRNAs and siRNAs. (A) The accumulation of miRNAs and miR172* in three genotypes. (B) The accumulation of
siRNAs in three genotypes. For miR159/319: Upper band, miR159; lower band, miR319 (34). The numbers indicate the relative abundance of small RNAs
among the three genotypes and represent the mean of three repeats (P < 0.05). U6 blot was used as a loading control. Col-0, WT control for tgh-1; tgh-1+
TGH, tgh-1 harboring TGH genomic DNA. (C) Deep sequencing analysis of miRNAs in tgh-1 and WT. Small RNA libraries were generated from inﬂorescences.
The miRNA abundance was calculated as reads per million, and a log2-transformed ratio of tgh-1/Wt was plotted. Each circle represents one miRNA. Thick
lines indicate median values.

impaired miRNA and ta-siRNA function. The transcript levels
of these miRNA targets were slightly increased in tgh-1 relative
to WT (Fig. S1D).
TGH Does Not Affect miRNA Precision. Although Northern blot
showed that TGH affects the accumulation of miRNAs, it could
not tell whether miRNA precision requires TGH. To address this
question, we performed Illumina deep sequencing analysis of
small RNA libraries constructed from inﬂorescences of WT and
tgh-1. The data set was deposited into the National Center for
Biotechnology Information Gene Expression Omnibus (accession no. GSE38600). We focused our analysis on miRNAs. The
abundance of most miRNAs was reduced in tgh-1 relative to WT
in two biological replicates (Fig. 1C). This analysis further conﬁrmed that TGH is required for the accumulation of miRNAs.
We next evaluated whether TGH affected processing precision.
According to Liu et al. (22), imprecise miRNAs were deﬁned as
those that did not fall within ±2 bases of the annotated mature
miRNA(s) or miRNA*(s) positions. Because evaluation on
miRNA precision depends on sequencing depth (22), we analyzed only the highly expressed miRNAs. Like WT, tgh-1 contained a very low ratio of imprecise miRNAs (Dataset S1),
indicating that TGH may be not required for the accurate
cleavage of pri-miRNAs.
Multiple DCL Activities Are Impaired in tgh-1. To determine at which
step TGH may act in miRNA biogenesis, we examined the levels
of pri-miRNAs in WT and tgh-1. Quantitative RT-PCR (qRTPCR) analyses showed that the levels of pri-miRNAs at six loci
(pri-miR158a, pri-miR159a, pri-miR167a, pri-miR171a, primiR172a, and pri-miR319b) were increased by 1.5 to 2.5-fold in tgh1 relative to that in WT (Fig. 2A). This result suggested a potential
defect of DCL1 activity in tgh-1. We also compared the levels of primiRNA from each member of miR159, miR167, and miR171 between WT and tgh-1, with the expectation to inform whether TGH
equally affects the processing of each member of miRNA families.
Although tgh-1 increased the levels of these pri-miRNAs, its effects
on individual pri-miRNA were varied (Fig. S2B).
It has been established that DCL1 and DCL3 are responsible
for the production of 21- and 24-nt small RNAs in an in vitro
dsRNA processing assay using Arabidopsis protein extracts, respectively (23). We adapted this assay to test whether DCL1 and
12818 | www.pnas.org/cgi/doi/10.1073/pnas.1204915109

DCL3 activities are impaired in tgh-1. A radioactive labeled
dsRNA (460 bp) was incubated with protein extracts from young
ﬂower buds of tgh-1 or WT. The reactions were stopped at 40, 80,
and 120 min, and the RNAs from each reaction were extracted
and resolved on a polyacrylamide gel. The production of small
RNAs by tgh-1 protein extract was lower than that by WT (Fig.
2B). Quantitative analysis revealed that the overall DCL processing activity in tgh-1 was approximately 40% of that in WT
(Fig. 2D). The RNAs extracted from the 120-min reaction were
further resolved on a long PAGE gel to separate the 24-nt and
21-nt small RNAs. The production of 24- and 21-nt small RNAs
was lower in tgh-1 extracts than in WT (Fig. 2C). These observations indicated that DCL1 and DCL3 activities are impaired in
tgh-1. To test the effects of tgh-1 on DCL1-mediated miRNA
maturation, we compared processing of a short form of primiR162b (predicted stem loop with 6-nt arms at each end; Fig.
S2A) between tgh-1 and WT protein extracts. As a control of primiRNA processing, we included dcl1-9, which is a weak allele
of dcl1 and has reduced miRNA production, as a control. Like
dcl1-9, tgh-1 reduced pri-miR162b processing efﬁciency relative
to WT (Fig. 2E).
TGH Associates with DCL1 Complex. There are several possible
ways for TGH to affect DCL1 activities. We ﬁrst analyzed the
expression level of several key genes in miRNA biogenesis by
qRT-PCR. The abundance of DDL, CBP20, and CBP80 were
comparable between WT and tgh-1 (Fig. S3A). The expression
levels of DCL1, SE, and HEN1 were slightly increased in tgh-1
compared with WT, whereas the levels of HYL1 were slightly
decreased (Fig. S3B). However, tgh-1 had no effect on the protein level of HYL1 and DCL1 (Fig. S3B).
Next, we tested the association of TGH with DCL1 by using
coimmunoprecipitation/pull-down assay. We expressed the
recombinant TGH protein fused with a maltose-binding protein
epitope at its N terminus (MBP-TGH) in Escherichia coli and the
DCL1 protein fused with YFP in Nicotiana benthamiana (Fig.
S3C) (7). We mixed the MBP-TGH and DCL1-YFP protein
extracts and performed reciprocal pull-down assays with amylose
resin and a polyclonal antibody recognizing GFP and its variants
conjugated to protein A-agarose beads, respectively. Antibodies
against GFP and MBP epitope detected the enrichments of
DCL1-YFP in MBP-TGH precipitates and MBP-TGH in DCL1Ren et al.

BiFC signals produced from the TGH–SE, TGH–DCL1, TGH–
HYL1, and SE–DCL1 (positive control) interactions were observed in distinct nuclear speckles (Fig. 3D). In contrast, only
weak ﬂuorescence signals were observed from the control
AGO1–TGH pair (Fig. 3D). These results indicated that TGH is
a component of the pri-miRNA processing complex.

YFP complexes, respectively (Fig. 3 A and B), indicating the
TGH–DCL1 interaction. TGH is a putative RNA-binding protein, raising the possibility that the TGH–DCL1 association
might be RNA-mediated. RNase A treatment abolished the
RNA-mediated FDM1–AGO4 interaction (Fig. S3D) (24) but
not TGH–DCL1 interaction (Fig. 3 A and B). As controls, we
performed reciprocal pull-downs to test the YFP/MBP, YFP/
MBP-TGH, and MBP/DCL1-YFP interactions. We did not detect any interactions among these proteins (Fig. 3 A and B). We
further tested the HYL1–TGH and SE–TGH associations by
using-pull down assays. MBP-TGH, but not MBP, was able to
pull down HYL1 and SE from Arabidopsis protein extracts (Fig.
3C). The control protein HSP70 was not detected in the MBPTGH precipitates. Because TGH affects 24-nt siRNA production, we tested coimmunoprecipitation between TGH and
DCL3. We were able to detect the presence of MBP-TGH but
not MBP in the DCL3 immunoprecipitates (Fig. S3E).
To ascertain the association between TGH and the DCL1
complex, we performed a bimolecular ﬂuorescence complementation (BiFC) assay. In this assay, we fused protein partners
to the N-terminal fragment of Venus (nVenus) or C-terminal
fragment of CFP (cCFP), respectively, and introduced paired
proteins into tobacco cells by inﬁltration. The interaction of the
two protein partners will generate a functional YFP, leading to
ﬂuorescence (25). Similar methods have been previously used to
investigate the interactions among DCL1, HYL1, and SE (4, 5).
Ren et al.
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Fig. 2. tgh-1 impairs multiple DCL activities. (A) Increased pri-miRNA levels
in inﬂorescences of tgh-1. The levels of pri-miRNAs in tgh-1 were normalized
to those of UBIQUITIN 5 and compared with Col. Error bars indicate SD of
three technical replications (*P < 0.05 and **P < 0.01). (B) Reduced production of siRNAs from dsRNAs in the tgh-1 protein extracts. (C) Reduced
production of 21- and 24-nt siRNA in the tgh-1 protein extracts. Numbers
below indicate siRNA production in tgh-1 relative to control. (D) Quantiﬁcation of overall siRNA production in tgh-1 extracts relative to the control
extracts. Data are presented as mean and SD (n = 7; ***P < 0.001). (E) The
pri-miR162b processing in tgh-1, dcl1-9, and WT. The reaction was stopped
after 120 min. Numbers indicate overall miRNA production in tgh-1 and
dcl1-9 extracts relative to their respective control extracts and represent the
mean of three experiments (P < 0.05).

TGH Binds pri-miRNAs and pre-miRNAs. The presence of putative
RNA binding domains in TGH suggested that TGH might be an
RNA binding protein. We performed a pull-down assay to examine whether TGH could bind pri-miR162b, which was used
for in vitro processing assay (Fig. S2A). MBP and TGH-MBP
expressed in E. coli were puriﬁed with amylose resin (Fig. 4A)
and incubated with radioactive labeled pri-miR162b. TGH-MBP,
but not MBP, was able to retain pri-miR162b and addition of
unlabeled pri-miR162b was able to wash off the radioactive
signal (Fig. 4B). We also generated a radioactive-labeled premiR162b, which has a 2-nt 3′ overhang (Fig. S2A), by in vitro
transcription and examined its interaction with TGH. TGH was
able to bind the pre-miR162b. However, TGH-MBP could not
bind a ∼460-nt dsRNA (Fig. 4B), indicating that TGH may be
a single-stranded RNA binding protein. In fact, TGH bound
a ∼100-nt RNA corresponding to a portion of the 5′ end of the
UBIQUITIN 5 (UBQ5) ORF in vitro (Fig. 4B).
Next, we tested whether TGH binds pri-miRNA and premiRNAs in vivo. Seedlings of tgh-1 complementation plants
harboring the TGH::TGH-HA transgene were subjected to RNA
immunoprecipitation (RIP) (26). The presence of pri-miRNA in
the TGH complex was then examined with RT-PCR. All the
tested pri-miRNAs were present in the TGH–HA complex but
not in the immunoprecipitates from nontransgenic plants and
“no-antibody” controls (Fig. 4C). We did not ﬁnd the interaction
between TGH and RNA controls AtSN1B RNA, which is transcribed from the ﬂanking region of AtSN1 siRNA target locus

Fig. 3. TGH associates with the DCL1 complex. (A) MBP-TGH pulls down
DCL1-YFP. (B) DCL1-YFP pulls down MBP-TGH. (C) MBP-TGH pulls down HYL1
and SE. Protein precipitates were analyzed by Western blot by using antiMBP, anti-GFP, and anti-HYL1 antibodies, respectively. One percent input
proteins were used for MBP-TGH and MBP, and 2% input proteins were used
for YFP, DCL1-YFP, and HYL1. (D) BiFC analysis between TGH and the components of DCL1 complex. TGH and SE were fused with cCFP whereas DCL1,
HYL1, SE, and AGO1 were fused with nVenus. Respective pair of cCFP and
nVenus fusion proteins was coinﬁltrated into leaves, and ﬂuorescence signals were examined ∼40 h after coinﬁltration. The interaction of paired
proteins will result in yellow ﬂuorescence (green in image). More than 30
nuclei were examined for each pair, and a graph is shown. DNA was stained
with DAPI to visualize the nuclei (blue).

PNAS | July 31, 2012 | vol. 109 | no. 31 | 12819

Fig. 4. TGH is an RNA-binding protein. (A) TGH-MBP and MBP proteins used
in the in vitro RNA binding assay. The proteins were resolved on an SDSpolyacrylamide gel and detected by Coomassie brilliant blue staining. (B)
TGH binds pri-miR162b and premiR162b in vitro. (C) TGH binds pri-miRNA
in vivo. RIP was performed with the anti-HA antibody. C, Col-0; T, tgh-1
harboring a TGH::TGH-HA transgene. One eighth immunoprecipitates was
analyzed by Western blot. Input protein was 2%. No RT was performed with
the pri-miR167a primers. Input RNA was 5%. (D) TGH binds pre-miRNAs
in vivo. RT was performed with primer P2. The ﬁrst-round PCR was done with
primers P1 and P2. The Second round PCR was performed with primers P3
and P4. Primer P4 recognizes the junction between adaptor and premiRNA.
Open box, adaptor; light/dark gray box, miRNA/miRNA*; black box, region
between miRNA and miRNA*.

(26), npc72 (27), and UBQ5 mRNA (Fig. 4C). This result indicated that TGH might speciﬁcally interact with some RNAs
in vivo. However, we did not detect AtSN1A RNA (Fig. 4C),
which likely is a ra-siRNA–generating RNA, in the TGH–HA
complex. One possible explanation is that TGH might transiently
interact with the DCL3 complex. Alternatively, it may be because
that the substrates of DCL3 are dsRNAs. To examine the association of TGH with pre-miRNA in vivo, TGH-bound RNAs
were ligated to a 3′ adaptor, and then reverse transcription and
nested PCR were performed to detect the pre-miRNAs (Fig. 4D).
This assay allowed us to detect pre-miR172a and pre-miR166a in
the TGH complex (Fig. 4D). Because TGH did not bind perfect
dsRNA, the interaction between TGH and pre-miRNAs indicated
that TGH might bind the loop or the bulge of pre-miRNAs.
tgh-1 Impairs HYL1–pri-miRNA Interaction. Based on the association
of TGH with pri-miRNA and its processing complex, we tested
whether TGH contributes to the association between pri-miRNAs
and HYL1. HYL1 is a component of DCL1 complex, and its
association with pri-miRNA is essential for pri-miRNA processing
(28). We examined HYL1–pri-miRNA interaction in WT and tgh1 by RIP by using antibody against HYL1. A similar amount of
HYL1 was immunoprecipitated from the protein extracts of tgh-1
and WT (Fig. 5A). RT-PCR and qRT-PCR analysis revealed that
the amount of HYL1-bound pri-miR167a and pri-miR171a was
reduced in tgh-1 relative to WT (Fig. 5 B and C). We included
hyl1-2 as a negative control in this experiment. No HYL1 and
associated RNAs were immunoprecipitated by HYL1 antibody
from hyl1-2 (Fig. S4).

Discussion
In conclusion, TGH is an important component of miRNA and
siRNA biogenesis. Several lines of evidence demonstrate that
TGH has a role in promoting miRNA maturation. The facts that
12820 | www.pnas.org/cgi/doi/10.1073/pnas.1204915109

lack of TGH in tgh-1 reduces the accumulation of miRNAs and
increases the levels of pri-miRNAs and the association of TGH
with the DCL1 complex, pri-miRNAs, and pre-miRNAs demonstrate that TGH has a role in promoting miRNA maturation.
However, TGH shall have additional important functions in
plants because tgh-1 has severe morphological phenotypes,
whereas its effects on the levels of miRNAs appear to be less
than those of dcl1-9.
In the miRNA pathway, TGH may have two non-mutually
exclusive activities. First, TGH may contribute to the interaction
between pri-miRNA and the DCL1 complex, which is supported
by the reduced amount of pri-miRNA in the HYL1 complex
from tgh-1. Second, TGH may have a role in modulating DCL1
activity, as DCL1-dependent in vitro pri-miRNA and dsRNA processing is impaired in the TGH-depleted extracts. However, TGH
may not affect miRNA precision because tgh-1 contains a very low
ratio of imprecise miRNAs. TGH affects the accumulation of
DCL4-dependent miR822. The reduction of ta-siRNA and rasiRNA levels indicates that TGH may have a role in siRNA biogenesis. However, the direct role of TGH in ta-siRNA processing
needs further investigation, because DCL1-dependent miRNAs is
also required for ta-siRNA biogenesis (29, 30). The reduction
of DCL3-dependent 24-nt small RNA production in tgh-1
protein extracts indicates that TGH may act as a cofactor of
DCL3 to facilitate dsRNA processing (Fig. 2). However, TGH
may not contribute to the DCL3–dsRNA association, as it does
not bind dsRNAs in vitro. Clearly, this hypothesis needs to be
further examined.
TGH is an evolutionarily conserved protein in plant and animals. Given the similarity of small RNA pathways among different organisms, it will not be a surprise that the TGH homologues
from other organisms have a role in RNA silencing. The reduced
expression of TGH homologue from Caenorhabditis elegans has
been shown to cause embryonic lethality or developmental defects

Fig. 5. TGH contributes to in vivo HYL1–pri-miRNA interaction. (A) Detection of HYL1 protein after immunoprecipitation. Immunoprecipitation
was performed with the anti-HYL1 antibody. (B) and (C) association between
HYL1 and pri-miR171a and pri-miR167a was impaired in tgh-1. C, Col-0; t,
tgh-1. One eighth immunoprecipitates were analyzed by Western blot. Input
protein was 2% of total input proteins. The amount of pri-miR167a and primiR171a was determined by qRT-PCR and normalized to the input. AtSN1B
was used as a negative control (*P < 0.05 and **P < 0.01).

Ren et al.

Materials and Methods
Plant Materials, Complementation Assay, Deep Sequencing, and RNA Analysis.
Plant materials, complementation assay, deep sequencing, and RNA analysis
are described in SI Materials and Methods. Data generated from deep sequencing of small RNA libraries were deposited in the National Center for
Biotechnology Information (accession no. GSE38600).

Coimmunoprecipitation Assay. MBP-TGH or MBP alone were expressed in
E. coli BL21 and extracted according to the manufacturer’s protocol (NEB).
Protein extracts containing DCL1-YFP or YFP from N. benthamiana were
obtained according to Yu et al. (7). Half the MBP-TGH or MBP lysate was
mixed with the DCL1-YFP or YFP lysate, respectively. The mixed lysate was
incubated with anti-GFP (and GFP variants) antibodies coupled to protein Aagarose beads (Clontech) or amylose resin (NEB) for 4 h to overnight. The
precipitates were washed ﬁve times with protein extraction buffer and resolved by SDS/PAGE. Anti-YFP (Covance) and anti-MBP (NEB) antibodies
were used to detect DCL1-YFP/YFP and MBP-TGH/MBP, respectively, by
Western blot analysis. Anti-HYL1 (catalog no. AS06136) and anti-SE (catalog
no. AS09 532) antibodies were obtained from Agrisera.

Dicer Activity Assay. Dicer activity assay was performed according to Qi et al.
(23). DNA template for dsRNA and pri-miR162b was ampliﬁed by using T7
promoter anchored primers (Table S1). The DNA templates for dsRNAs
contain the T7 promoter at both ends. Resulting DNAs were used for in vitro
transcription under the presence of [α-32P]UTP. RNAs were resolved on 6%
(wt/vol) native PAGE gel and eluted with buffer containing 300 mM NaCl
and 15 mM EDTA. After passing through a Spin-X ﬁlter, puriﬁed RNAs were
precipitated with ethanol. For Dicer activity assay, RNAs were incubated
with 30 μg protein in 20 μL reaction buffer containing 100 mM NaCl, 1 mM
ATP, 0.2 mM GTP, 1.2 mM MgCl2, 25 mM creatine phosphate, 30 μg/mL
creatine kinase, and 4 U RNase Inhibitor at room temperature. RNAs were
extracted, precipitated, and resolved on PAGE gel. Radioactive signals were
detected with a PhosphorImager and quantiﬁed by ImageQuant version 5.2.
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BiFC Assay. Paired constructs were coexpressed in N. benthamiana leaves for
40 h and subjected to confocal microscopy (Fluoview 500 workstation;
Olympus) for imaging. BiFC signals were excited at 488 nm and detected
with a narrow barrier ﬁlter (505–525 nm, BA505–525; Olympus). Nuclei were
visualized by DAPI staining.
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in genome-wide RNAi screens (31–33), consistent with the role
of miRNA in regulating developmental processes of plants
and animals.
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SI Materials and Methods
Plant Strains. The tgh-1 (Salk_053445) mutant was obtained from
the Arabidopsis Biological Resources Center (1). tgh-1 is in the
Columbia-0 (Col-0) genetic background. Myc-AGO4 and dcl1-9
were in Ler genetic background.

of perfectly aligned reads, except reads aligned to tRNA/rRNA/
small nuclear RNA/small nucleolar RNA (8), were used for
normalization. The miRNA/miRNA* imprecision ratios were
determined and analyzed by using the same methods described
by Liu et al. (4).

Complementation Assay. A ∼5.5-kb TOUGH (TGH) genomic
fragment containing the TGH coding and promoter regions was
ampliﬁed by PCR with primers TGHg-GW forward/reverse
(Table S1) and cloned into Gateway vector pEG301 (2) to
produce a pTGH:TGH-HA plasmid. The resulting plasmid was
transformed into tgh-1. Basta resistance was used to select the
transgenic plants.

RNA Analysis. Small RNA detection was performed as described

Plasmid Construction. TGH cDNA was ampliﬁed by RT-PCR and
cloned into pMAL-c5x (NEB) to generate a maltose-binding
protein epitope at its N terminus (MBP-TGH) plasmid construct. MBP was ampliﬁed by PCR by using the pMAL-c5x
plasmid DNA as template and cloned into pET43a+ (Novagen) to generate a pM6H construct. TGH cDNA was then
ampliﬁed by RT-PCR and cloned into to the pM6H vector to
generate a TGH-MBP-6xHIS construct. cDNAs of DCL1,
HYL1, SE, DCL1-9, AGO1, and AtCoilin were cloned into the
pSAT1–N-terminal fragment of Venus (nVenus)–C vector (3),
respectively. The resulting plasmids were cut with AscI restriction enzyme to release desired DNA fragments, which were
subsequently cloned into the binary vector pPZP-ocs-barRCS2-2 (3) to generate the nVenus-tagged DCL1, HYL1,
SERRATE (SE), DCL1-9, AGO1, and AtCoilin constructs.
cDNAs of TGH and SE were cloned into or pSAT4–C-terminal
fragment of CFP (cCFP)–C (3), respectively. The DNA fragments containing TGH or SE from the resulting plasmids were
released by I-SceI restriction enzyme treatment and subsequently cloned into the pPZP-ocs-bar-RCS2-2 plasmid (3) to
generate cCFP-tagged TGH and SE constructs. DCL3 cDNA
were ampliﬁed with primer DCL3GW F/R and cloned into
pEG101. All primer sequences used for plasmid construction
are listed in Table S1.

(9). 5′-End–labeled 32P antisense LNA oligonucleotides were
used to probe miRNAs and siRNAs. LNA/DNA probe sequences are listed in Table S1. For quantitative RT-PCR
(qRT-PCR) analysis of primary miRNAs (pri-miRNAs) and
miRNA target transcripts, RNA was reverse transcribed by
the SuperScript III reverse transcriptase (Invitrogen) and an
oligo dT18 primer to generate cDNA. qRT-PCR was performed in triplicate by using an SYBR Green kit (Bio-Rad)
on an iCycler (Bio-Rad) apparatus. Primers are listed in
Table S1. RNA binding assays were performed as previously
described (10).

Small RNA Sequencing. Total RNA was extracted from inﬂorescence tissue. Small RNAs with 15 to 30 nt in size were
puriﬁed from 200 μg total RNA by denatured polyacrylamide gel
according to Liu et al. (4). Small RNA libraries were prepared
and sequenced using Illumina Genome Analyzer IIx following
the standard protocol. The small RNA reads were trimmed for
adaptor sequence using Perl scripts and mapped to the Arabidopsis genome [The Arabidopsis Information Resource 9.0, for
microRNA (miRNA) abundance] or miRNA hairpin sequences
(from miRBase version 1.8, for miRNA imprecision) by using
the Bowtie program (5). The sequences of miRNA and miRNA*
sequences were obtained from miRBase. Comparison of miRNA
abundance was calculated by using EdgeR with trimmed mean
of M values normalization method (6, 7). The total numbers

RNA Immunoprecipitation. RNA immunoprecipitation (RIP)
were performed as described (11). Brieﬂy, 2 g Arabidopsis
inﬂorescence was crosslinked with 1% formaldehyde by vacuum inﬁltration for 40 min and quenched by adding glycine to
0.125 M for 10 min. The nuclei were then extracted as described (11) and suspended in 400 μL nuclei lysis buffer (50
mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS) and sonicated
ﬁve times. Debris was removed by centrifugation at 16,000 × g
for 10 min. Protein concentration was determined by Bradford
assay (BioRad), and an equal amount of protein was used for
RIP analysis. A 60-μL aliquot of supernatant (with 10 μL saved
for input) was diluted with 540 μL RIP dilution buffer (1.1%
Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.0, 167
mM NaCl). After preclear with protein A agarose beads, 20 μL
protein A agarose-conjugated anti-HA beads or protein A
agarose beads (for no-Ab controls) were added and incubated
overnight. Immunoprecipitates were washed ﬁve times with
RIP washing buffer (150 mM NaCl, 20 mM Tris-HCl, pH 8.0, 2
mM EDTA, 1% Triton X-100, 0.1% SDS). Immune complexes
were subsequently eluted with 500 μL elution buffer (100 mM
NaHCO3, 1% SDS) with occasionally shaking for 30 min at
65 °C. Crosslinking was reversed at 65 °C for 2 h in the presence of 20 μg proteinase K (Invitrogen) and 200 mM NaCl.
RNAs were then extracted and used for RT-PCR analysis. For
quantitative analysis of HYL1-bound pri-miRNAs, the primiRNA amount in HYL1 precipitates were normalized to that
in 10% input as described previously (12). The percentage
of input were calcaulted as 100 × 2(Ct of input − Ct of IP) × 0.1
(0.1 is the dilution factor; 10% of input was used for quantitative analysis). T4 RNA ligase (BioLab)-mediated 3′ adapter
primer ligation was performed as described (9). RT was performed by using primer P1 recognizing the 3′ adaptor. Nested
PCR was performed ﬁrst with primers P1 and P2 and then with
primers P3 and P4.
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Fig. S1. Phenotypes of tgh-1. (A) Schematic structure of TGH protein. DUF1604, domain of unknown function 1604; SWAP, Suppressor-of-White-Apricot. (B)
Inﬂorescence stem structure of Col-0, tgh-1, and se-1. Inﬂorescence stem structure of Col-0, tgh-1, and se-1. Red arrowheads indicate two siliques emanating
from the same node, and black arrows indicate fertile fruits in tgh-1. (C) The accumulation of miRNAs in tgh-1 was reduced leaf tissues. miRNAs were detected
by Northern blot. U6 RNA served as a loading control. (D) The transcript levels of miRNA and transacting siRNA targets in tgh-1 and WT. The levels of target
transcripts in tgh-1 were normalized with UBQUITIN5 (UBQ5) and compared with those in WT. The WT value is 1. Error bars indicate SD of three technical
replications. The experiment was repeated once with similar results.
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Fig. S2. The effects of TGH on miRNA pathway. (A) Schematic diagram of the pri-miR162b and premiR162b. (B) Levels of pri-miRNAs in tgh-1 compared with
WT. n.d., not detected. UBQ5 was used as a reference control. The WT value is 1. Error bars indicate SD of three technical replications. The experiment was
repeated once with similar results.
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Fig. S3. The role of TGH in miRNA pathway. (A) Expression levels of miRNA biogenesis pathway related genes in tgh-1. UBQ5 was used as a reference control.
Error bars indicate SD of three technical replications. The experiment was repeated once with similar results. (B) DCL1 and HYL1 protein levels in tgh-1. DCL1-9
and HSC70 were included as an internal control. (C) The protein extracts containing DCL1-YFP or YFP were resolved on SDS/PAGE gel. DCL1-YFP and YFP were
detected by Western blot by using anti-YFP antibody. (D) Positive control of RNase treatment. Arabidopsis extracts containing myc-AGO4 were mixed with
protein extracts containing GST or GST-FDM1 and captured with glutathione beads. GST and GST-FDM1 were visualized by Coomassie blue staining. Protein
precipitates were resolved on an SDS-polyacrylamide gel and detected by Western blotting with anti-Myc antibody. (E) DCL3 coimmunoprecipitates with TGH.
Protein extracts containing DCL3-YFP or YFP were mixed with MBP or MBP-TGH and captured anti-GFP antibody conjugated to agarose beads with or without
RNaseA. Proteins were detected with anti-GFP and anti-MBP antibodies, respectively.
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Fig. S4. Association of HYL1 with pri-miRNA in Col-0 and hyl1-2. C, Col-0 control; h, hyl1-2. One eighth of immunoprecipitates were further analyzed by
Western blot. Input protein was 2% of total input proteins. The pri-miR171a was detected by RT-PCR. AtSN1B was used as a negative control.
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Table S1.

Primers used in this study

Name
Small RNA probes
miR156/157
miR158
miR161
miR163
miR164
miR166/165
miR167
miR171/170
miR172
miR172*
miR173
miR319/159
miR390
U6
siR02
siR1003
simpleHAT2
AtSN1
TR2558
FWA
IR71
TAS3ajD8(+)
siR255
miR822
ASRP1511
Primers for qRT-PCR, RIP
MIR158a qF
MIR158a qR
MIR159a qF
MIR159a qR
MIR159b qF
MIR159b qR
MIR159c qF
MIR159c qR
MIR167a qF
MIR167a qR
MIR167b qF
MIR167b qR
MIR167c qF
MIR167c qR
MIR167d qF
MIR167d qR
MIR171a qF
MIR171a qR
MIR171b qF
MIR171b qR
MIR171c qF
MIR171c qR
MIR172a qF
MIR172a qR
MIR319b qF
MIR319b qR
PremiR172a P1
PremiR172a P3
PremiR172a P4
PremiR166a P1
PremiR166a P3
PremiR166a P4
RNA adaptor
Adaptor RT-P2
AtSN1 A qF

Sequence (5′–3′)

GTGCTCACTCTCTTCTGTCA
TGCTTTGTCTACATTTGGGA
CCCCGATGTAGTCACTTTCAA
ATCGAAGTTCCAAGTCCTCTTCAA
TGCACGTGCCCTGCTTCTCCA
GG+GGA+ATG+AAG+CCT+GGT+CCG+T
T+AGA+TCA+TGT+TGG+CAG+TTT+CA
G+ATA+TTG+GCG+CGG+CTC+AAT+CA
AT+GCA+GCA+TCA+TCA+AGA+TTC+T
C+TCC+GTA+GTA+GTT+CTA+AGT+GT
G+TGA+TTT+CTC+TCT+CGA+AGC+GAA
GGG+AGC+TCC+CTT+CAG+TCC+AA
G+GCG+CTA+TCC+CTC+CTG+AGC+TT
TCATCCTTGCGCAGGGGCCA
G+TTG+ACC+AGT+CCG+CCA+GCC+GAT
A+TGC+CAA+GTT+TGG+CCT+CAC+CGT+C
T+GGG+TTA+CCC+ATTT+TGAC+ACCC+CTA
ACCA+ACG+TGTTG+TTGG+CCCAGTG+GTAAA+TCTCTCA+GAT
AA+GCTA+TCGG+TCATG+CTGATG+AATATG+AGG+AGG+AA
AG+CAA+CCT+TAA+ACA+ACC+AAA+TAG+CA CAC+TTG+GAC+CA A+TGG+CGA+A
G+GCT+GCA+ACT+CTT+GCG+GTA+GAA+GCC+AAT+ATG+AGG+AA
AAAGGCCTTACAAGGTCAAGA
T+ACG+CTA+TGT+TGG+ACT+TAG+AA
CAT+GTG+CAAAT+GCTT+CCCGCA
AAGTATCATCATTCGCTTGGA
GTGATGACGCCATTGCTCTTT
TGTGACTTTAGATGCCCTTGTTCA
TCAGGAGCTTTAACTTGCCCTTT
CACGCTAAACATTGCTTCGGAAT
TCAAAGCAGATCCACACGAT
GCTCCTGAGATATGGCATCC
CAAACTCTTTTTGGGGGACA
TCGTGCAATCCCCTTAAAGT
TGTTGTGTTTCATGACGATGG
AGCTCACAAAATCAGACTGAAGA
TCCACAAGGGAACAAGTGAA
TTTCTTTCAATCGGCATGTG
TTAAGCTGCCAGCATGATCT
TCTTCTCCTTCATGCTACAATCA
CAAGCTGAGCATTTTTCCTG
CTGGCAGCTTCAGCTTCTAAA
CCGCGCCAATATCTCAGTA
TGTCTCCATTTCAACACACACA
TGGTTTTCTGGAGCTAAGTGG
TGGTTTACCGCGTGATATTG
ATGTGGATGGAGTTTGGTGTAA
GTGATATTGGCACGGCTCA
ATCTGTTGATGGACGGTGGT
AATAGTCGTTGATTGCCGATG
AGCTTTCTTCGGTCCACTCATGG
GAGCTCCCTTCAGTCCAAGCATA
TGGCATCATCAAGATTCACATC
ATCTGTTGATGGACGGTGGT
GATGGTGCCTACAGAAAATGCAG
TTGTCTGGCTCGAGGACTCT
GAGGACTCTGGCTCGCTCTA
TGGTGCCTACAGAAAGGGGAAT
pUUUdCdTdGdTdAdGdGdCdAdCdCdAdTdCdAdAdTidT
ATTGATGGTGCCTACAG
ACCAACGTGCTGTTGGCCCAGTGGTAAATC
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Applications
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern
Northern

blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot
blot

qRT-PCR
qRT-PCR/RIP
qRT-PCR/RIP
qRT-PCR
qRT-PCR/RIP
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR/RIP
qRT-PCR
qRT-PCR
qRT-PCR/RIP
qRT-PCR
Nest PCR

Nest PCR

RNA ligation
RT/nest PCR
RIP
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Table S1.

Cont.

Name
AtSN1 A qR
AtSN1 B qF
AtSN1 B qR
NPC72 F
NPC72 R
N_UBQ5
C_UBQ5
DCL1 qF
DCL1 qR
HYL1 qF
HYL1 qR
SE qF
SE qR
DDLqF
DDLqR
CBP20qF
CBP20qR
CBP80qF
CBP80qR
HEN1 qF
HEN1 qR
CUC1qF
CUC1qR
PHVqF
PHVqR
SAMTqF
SAMTqF
PPRqF
PPRqR
ARF3qF
ARF3qR
Primers for constructs
TGHg-GW F
TGH-GW R
DCL1-GW F
DCL1-GW R
DCL3-GWF
DCL3-GWR
pMAL-TGH F
pMAL-TGH R
MBP-KpnI-F
MBP-XhoI-R
TGH-MBP-HIS F
TGH-MBP-HIS R
BIFC-TGH F
BIFC-TGH R
BIFC-DCL1-F
BIFC-DCL1-R
BIFC-DCL1-9 R
BIFC-HYL1F
BIFC-HYL1R
BIFC-SE-F
BIFC-SE-R
BIFCAGO1F
BIFCAGO1R
BIFC-Coilin F
bifc-coilin r
Primers RNA probe
T7miR162b-p3
miR162b-p4

Sequence (5′–3′)
AAAATAAGTGGTGGTTGTACAAGC
TGAGAGATTTACCACTGGGCCAACA
TGAGGAGCTCAACACATAAATGGCAATA
AACCGGGATATACCACGTCA
TCGGATTTATGTTGGGGGTA
GGTGCTAAGAAGAGGAAGAAT
CTCCTTCTTTCTGGTAAACGT
CGTTGTTATGCGTTTCGACCTTGC
AACGCTGCGTGAGATACATTTCCTC
TTGCCTGGATTCTTCAATCGTAAGG
TAGGTTCTTGCATAATCCCGTTTCG
CCACCGCCTCGTAGGGATTACA
CCACCATGGTCATACCCAAATCTTC
ATGAGCCCCCAGAGGCTAGAAAAC
CTGCAAGATGGGTGATCCGTAGGAA
ACCGGCCTATTCGTGTGGATTTTG
TGCCTTTGTGCTTCGAGTTCCTTC
TCTGGCAACTGCAACAGTATCCGTA
GGCAGCAGATGATAGCAATGTTTCG
TTAGGATGACACCCCCTGATGCTG
AAAAGCCGCCTCCATTCGTTCTTC
CGCCTTGACGGCAAATTCTCTTAC
GATGATCGGAGCAATTGCAGAACC
GGATTTGATTCCGGCAAGTA
TCTCGACATCTGCGATTCTG
GGTCCCAACAGTTACCGAGACC
TTGCACCGCTGTGAAAGTGTTTG
TCCCTTCCCTTCCATCATTGAGTTC
GGGAGTTGAGAGCGTCGACAAAAA
CATGCCATATCGACCCATAGCGTTT
TGGATCCAAGTCGCTGATACCACT
CACCTGCGAACTGACACGTCACTC
GTCTCGTCGCCTCTTCTTCTC
CACCATGGTAATGGAGGATGAGCCT
AG AAA AAG TTT TAT TTA AAA GCTCA
CACCATGCATTCGTCGTTGGAG
CTTTTGTATTATGACGATCTTG
GACATATGGGGTCAGACGAGGAAGAT
GAGGATCCTCAGTCTCGTCGCCTCTTCTTC
CATGGTACCAAAATCGAAGAAGGTAAACTG
CATCTCGAGCGAGCTCGAATTAGTCTGC
CATCATATGGGGTCAGACGAGGAAGAT
CATGGTACCGTCTCGTCGCCTCTTCTTCTC
GACTCGAGATATGGGGTCAGACGAGGAAGAT
GAGGATCCTCAGTCTCGTCGCCTCTTCTTC
GAAAGCTTCGATGGTAATGGAGGATGAGCCTAG
CATCTAGATCAAGAAAAAGTTTTATTTAAAAGCTC
GTTCTAGATCACGTTTGTCTCGTAAACGGCTG
CAAGATCTATGACCTCCACTGATGTTTCC
CAGGATCCTTATGCGTGGCTTGCTTCTGT
GAAGATCTATGGCCGATGTTAATCTTCCTC
GAGGTACCCTACAAGCTCCTGTAATCAATAAC
CAAAGATCTATGGTGAGAAAGAGAAGAACG
GAAGTCGACTCAGCAGTAGAACATGACACG
CTAAGATCTATGGAGGAAGAGAAGGTGAGG
CAGGTACCTCAAATCTCTTTCTGTGATCTGAGAT
TAATACGACTCACTATAGGGAAAGAGTGAAGTCGCTGGAG
CATGAAGAGCAAGCAGCGCTGGATGC
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Applications
RIP
RIP
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR

pEG301-TGH-HA
pEG101-DCL1-YFP
pEG101-DCL3-YFP
pMAL-MBP-TGH
pMH
pMH-TGH-MBP-6HIS
cCFP-TGH
nVenus-DCL1
nVenus-DCL1-9
nVenus-HYL1
nVenus/cCFP-SE
nVenus-AGO1
nVenus-AtCoinlin

Pri-miR162b probe

5 of 6

Table S1.

Cont.

Name
T7-premiR162bF
premiR162bR
UBQ5T7F
UBQ5 T7R
UBQ R2

Sequence (5′–3′)
taatacgactcactataggAGGCAGCGGTTCATCGATC
CTGGATGCAGAGGTTTATCGATC
taatacgactcactatagggATGCAGATCTTCGTGAAAACC
TAATACGACTCACTATAGGGTCAAGCTTCAACTCCTTCTTTCTG
GGATTCCTTCCTTGTCTTGGA

Applications
PremiR162b Probe
460-nt UBQ5 DsRNA
100-nt single-stranded RNA
(with UBQ5T7F)

*Locked nucleic acid.

Other Supporting Information Files
Dataset S1 (XLS)
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